Abstract -Despite their ecological importance and ability to react to environmental changes, including pollution, monogonont rotifers have never been used in palaeolimnological studies because they do not leave subfossil remains. In this study, we tested the possibility of using rotifer resting eggs as a proxy for reconstruction of changes in biodiversity during chronic copper pollution and recovery of a deep sudalpine lake (Lake Orta, Italy). The lake was selected owing to a rich history of previous studies that explored species-specific responses to environmental stressors. Rotifer-based results were compared with those on ephippia and on previously investigated Cladocera subfossil remains. Responses of Rotifera resting eggs to environmental changes were clear and consistent with those previously observed on Cladocera. The abundance of resting eggs increased during pollution, and new morphotypes appeared in addition to those already present. However, overall diversity decreased sharply, as a few morphotypes became dominant. Resting eggs of Brachionus calyciflorus as old as ca. 100 years were still fully viable; viability was not affected by toxic conditions of the environment in which the eggs were produced. Over a period of ca. 80 years, all resting eggs of B. calyciflorus belonged to a single clone, the most widely distributed one in North America. Cladocera ephippia started to accumulate later and at a lower level of abundance than rotifer resting eggs. Overall, Cladocera ephippia were, however, less effective than rotifers in tracing lake historical changes. The results point out at the great potential of using rotifer resting eggs in palaeolimnological reconstructions.
Introduction
Monogonont rotifers are often a numerically dominant component of zooplankton communities, and respond quickly to environmental stresses including changes in lake trophy, predation pressure and climate (Kirk, 1997) . Differently from Cladocera, Monogonont rotifers do not form subfossil remains; therefore, they have not been used in palaeolimnological studies (Frey, 1986; Jeppesen et al., 2003; Sarmaja-Korjonen, 2004; Nevalainen et al., 2011) . They are, however, able to produce resting eggs, which are preserved in lake sediments and which exhibit a great variety of structural variation. This variation can be exploited to allow for an identification of different morphotypes (Koste, 1978) , thus enabling a reconstruction of changes in diversity and abundance in sediment cores.
Production of resting eggs is promoted by different mechanisms, some of which are species-specific. The same species may also produce different morphotypes of eggs (e.g., female polymorphism and sexual reproduction; Sudzuki, 1964; Gilbert, 1974) , making it difficult to link resting eggs' diversity to species diversity. In some cases, however, intraspecific polymorphism has been linked to environmental conditions, such as the presence of dietary tocopherol (Gilbert, 1980) and/or population density levels (Gilbert and Schro¨der, 2004) , suggesting that it might be possible to use them as a proxy-record for changes in diversity.
In this study, we reconstruct changes in abundance, morphological and genetic diversity, and in viability, of monogonont rotifer resting eggs as part of a *Corresponding author: r.piscia@ise.cnr.it palaeolimnological study, with the aim of investigating whether and how pollution and recovery were also detectable in the lacustrine Rotifera community. In particular, we hypothesized that an increase in production of resting eggs and a decrease in diversity and a selection of morphotypes/clones able to survive would occur under the unfavorable conditions associated with chronic pollution stress. We also tested whether egg viability was affected by long-term exposure to pollutants in the sediments in which they were preserved.
To test these hypotheses, we selected an environment (Lake Orta) with a well-known history of chronic copper pollution, which had been investigated during pollution as well as in the pre-and post-pollution phases (Bonacina and Baudo, 2001) . Observational data on this lake have been complemented by palaeolimnological studies, thus allowing for a comparative analysis of response mechanisms by plankton and benthic organisms to environmental stress. In particular, data on Monogononta resting eggs from this study are compared with data on planktonic Cladocera reconstructed from previously analyzed subfossil remains (Manca and Comoli, 1995) .
Study site
Located in the Italian subalpine region, Lake Orta is a deep (Z max = 143 m, z=71 m), warm, oligo-monomictic lake. It became chronically polluted after a rayon factory was established at the southern end of the lake in 1926, discharging huge amounts of copper and ammonium sulfate into the water (Calderoni et al., 1990) . The biochemical oxidation of N-NH 4 caused nitrate (N-NO 3 ) accumulation and a strong decrease in the pH of the lake, which was poorly buffered due to geology of the catchment. Copper concentration in the water column also increased, reaching a maximum of 108 mg.L x1 in 1958 (value at the winter overturn). From 1958 on, Cu was recovered from the factory effluent prior to discharge into the lake. Ammonium discharge stopped in 1980 when a law regulating discharge of industrial wastes into freshwater environments was established in Italy.
Zooplankton reacted promptly to the improvements in water quality. Rotifers were the first colonizers (Brachionus calyciflorus, Brachionus urceolaris, Hexarthra fennica and Asplanchna brigthwellii) followed by the planktonic Cladocera. The gradual colonization was accompanied by remarkable changes in zooplanktonic community structure and size (Manca and Comoli, 1995; Cattaneo et al., 1998) .
Materials and methods
To detect changes in production and viability of resting eggs of Rotifera and Cladocera during and after copper pollution of Lake Orta, a 52.5-cm-long sediment core (ORTA 07/1A) was collected during 2007 with a gravity corer (inner diameter = 6.3 cm) at a station located near the rayon factory in the south basin of the lake (depth 31 m; Fig. 1 ). The core was stored in the dark at 4 xC, then opened and cut longitudinally for visual inspection, lithological description and sub-sampling into 1 cm slices. The topmost 6 cm of the sediment core was cut every 1 cm, while the rest of the core -comprised mainly of clastic and stratigraphically homogeneous material -was sliced at every 5 cm intervals. A total of 15 subsamples were analyzed.
Water and organic matter content (LOI; loss on ignition) were analyzed to detect changes in sediment composition during pre-pollution (before 1926), pollution (1926-1989) and recovery (post-1989) phases. Radionuclides (   210   Pb, 226 R and 137 C) were analyzed to establish radiometric dating, while copper concentration was measured to allow comparison with historical data based on water column (0-140 m depth) samples. We also extracted resting stages to run viability tests of monogonont rotifers, and conducted genetic identification of strains for the most common taxa.
On each sample, we measured water content and LOI in duplicate, by weight loss after ignition at 60 and 550 xC, respectively (Dean, 1974) . Dating of the sediment core was performed by analyzing 210 Pb, 226 R and 137 Cs by direct gamma assay in the Liverpool University Environmental Radioactivity Laboratory, using Ortec HPGe GWL series well-type coaxial low-background intrinsic germanium detectors (Appleby et al., 1986) . 210 Pb was determined via its gamma emissions at 46.5 keV and 226 Ra by the 295 and 352 keV c-rays emitted by its daughter isotope 214 Pb following 3 weeks storage in sealed containers to allow radioactive equilibration. 137 Cs was measured by its emissions at 662 keV. The absolute efficiencies of the detectors were determined using calibrated sources and sediment samples of known activity. Corrections were made for the effect of self-absorption of low-energy c-rays within the sample (Appleby et al., 1992 210 Pb dating models (Appleby and Oldfield, 1978 ) and the results compared wherever possible with stratigraphic dates determined from the 137 Cs record. A best chronology for the core was determined using the procedures described in Appleby (2002) .
Changes in copper concentration in the water column before and during the pollution phase and into the recovery phase were based on published and unpublished data (Calderoni and Tartari, 2001) . Copper content from surface to bottom was measured by Atomic Absorption Spectrophotometry (AAS) (GAAS Perkin Elmer) at the deepest point (Qualba) station during winter mixing (Fig. 1) . Copper pollution was also measured from the sediment core using AAS (GF-AAS) with a Perkin Elmer A Analyst 600 with Zeeman correction, equipped with a graphite atomization system, after microwave-assisted digestion (Milestone MLS 1200) of dried samples (0.1 g) with 5 mL of concentrated HNO 3 acid (VWR, Suprapur). Procedural blanks were regularly run to check for ambient or reagent contamination and the accuracy of Cu recovery from sediment samples was 97 ¡ 19% (n = 4) as estimated using reference material S7 (Aquacon project CHECK) with a certified Cu content of 100¡ 2 mg.kg x1 . Analyses of the resting stages of rotifers and Cladocera were performed after extraction (sediment, ca. 20 g wet weight (w.w.)) with a saturated, water-sugar solution (Onbe´, 1978) and resuspension into oligomineral water (21.7 mS.cm x1 ). Each sample was analyzed in its entirety. Egg counts were performed at 63 times magnification. Rotifer resting eggs were identified on the basis of size, shape and sculptures (after Koste, 1978) at a magnification of 400 r . In addition, we checked randomly subsamples of the precipitate to verify that extraction of resting stages was complete.
To trace changes in production of resting stages, we isolated and distinguished all full and empty egg cases.
Data
were expressed as accumulation rates (eggs.m x2 .year x1 ) on the basis of sedimentation rates (cf. Table 1) calculated from dating. We compared changes in diversity based on data for rotifers with those previously analyzed for zooplankton Cladocera subfossil remains, (core ORTA/94; Manca and Comoli, 1995) (ShannonWeaver's H index expressed as log 2 , and evenness) (Shannon and Wiener, 1963; Pielou, 1966) . Mean annual diversity of the live rotifer community was calculated for 1989 and 2001 from monthly integrated samples for the upper 50 m, collected at Qualba (unpublished data provided by C. Bonacina-CNR-ISE; Fig. 1 ).
Egg viability was tested on samples from the topmost 6 cm of the core (last ca. 100 years), as eggs from deeper sections were deemed too old (> 300 years) to remain viable (Hairston et al., 1995) . Recovered Rotifera resting eggs and Cladocera ephippia were kept in multi-well plates with oxygenated water, and were stored in the dark at 4 xC before being incubated in a thermostatic cell at a light intensity of 2.8-3.3 r 10 3 Lux, a photoperiod of 16 h light:8 h dark and a constant temperature of 20 xC, to induce hatching. Hatchlings were recorded every 24 h until day 14 of the experiment.
Genetic analyses were performed from the topmost 6 cm of the core on resting eggs of the most common Brachionus sp., which was present throughout Lake Orta's pollution and recovery phases. A total of 29 resting eggs were analyzed, mainly collected from 1-2 to 4-5 cm layers, where eggs were most commonly encountered, with only a single egg selected from the 5-6 cm layer. Eggs were preserved in 96% ethanol. Prior to extraction, each resting egg was put in a 0.5 mL tube and dehydrated; DNA extraction was performed by adding 35 mL of Chelex (InstaGene Matrix, Bio-Rad) and incubating for 20 min at 56 xC and 10 min at 100 xC. A part of the cytochrome c oxidase subunit I (COI) gene was PCR-amplified using optimized primers LCOI (50-GGT CAA CAA ATC ATA AAG ATA TTG-30) and HCOI (50-TAA ACT TCA GGG TGA CCA AAA AAT C-30) (Folmer et al., 1994) . Cycle conditions comprised initial denaturation at 94 xC for 5 min, followed by 40 cycles at 94 xC for 40 s, 50 xC for 1 min and 72 xC for 40 s, after which a final extension step at 72 xC was kept for 7 min. Cycle sequencing reactions were set up using PCR primers and the ABI Big Dye Terminator v1.1 kit, and run on an ABI 3770 automated sequencer. The sequences were checked and assembled using FINCHTV 1.4.0 (http://www.geospiza.com/finchtv) and aligned and edited by eye with a text editor.
Results

Core chronology
Age control was based on 210 Pb dating. Total 210 Pb activity reached an equilibrium with that of the supporting 226 Ra at a depth of between 6 and 10 cm (Table 2) . Unsupported 210 Pb concentrations declined steeply and more or less exponentially with depth, apart from a small feature between 1.5 and 3.5 cm, where the gradient of decline was somewhat shallower.
137
Cs concentrations had their highest values in the 1-2 cm sample. This feature most probably records fallout from the 1986 Chernobyl accident. Fallout from this source, confirmed by the presence of the associated shortlived isotope 134 Cs, was detected in the surficial sediments of an earlier core from this lake collected in the 1990s. Although downward diffusion from the Chernobyl fallout appears to have partially masked the record of fallout from atmospheric testing of nuclear weapons, the rise in 137 Cs concentrations between 4.5 and 3.5 cm is consistent with increased levels of fallout from the latter source during the late 1950s and early 1960s. The shoulder on the 137 Cs profile at 2.5-3.5 cm is also consistent with the fallout maximum nuclear weapons testing in 1963. 210 Pb dates calculated using the CRS model were more consistent than those determined using the CIC model, and in relatively good agreement with the 137 Cs record, placing 1986 at a depth of between 1.5 and 2 cm, and 1963 between 3 and 3.5 cm (Fig. 2) . They were therefore used as the basis for the core chronology (see Table 1 ). It appears from these results that dry mass sedimentation rates were , is mainly due to compaction of older material.
The sediment core stratigraphy exhibited a homogenous lithology with only two distinctly separated zones (Fig. 1) . The topmost 4 cm of the core was dark and organically rich. Below the 2 cm section, the percentage of organic matter (LOI) was quite constant on ca. 15% dry weight (d.w.), while above 2 cm, it increased to 25% d.w. (Fig. 1) . Dry weight slightly increased from the bottom to the 25 cm sediment section, where it approached a maximum of 31% d.w., before decreasing in the uppermost section (15% d.w.). Using the basal sedimentation rate (0.033 cm.year x1 ) and given the homogenous sediment stratigraphy, an approximate age of 1400 AD was estimated for the core bottom. Pre-1800 dates were based on a linear extrapolation, consistent with the lack of major changes in LOI and sedimentation rates observed in this (and other cores analyzed previously) period.
Copper pollution
The profile of total copper concentrations in the ORTA 07/1A sediment core matched very well that measured in the water column between 1926 and 2007 (Fig. 3) . In the water compartment, Cu concentrations increased until 1958, when a maximum of 108 mg.L x1 was measured during winter mixing. Cu concentrations decreased thereafter due both to a reduction in discharge of this pollutant and to liming of the lake during the late 1980s (Calderoni et al., 1990) .
We observed a progressive accumulation of Cu in lake sediment, with a maximum of 3.6 mg.g x1 (dry weight) in the 3-4 cm section, corresponding with 1957 ¡ 5. Copper concentration was also high (Cu = 1.3 mg.g x1 d.w.) in the recently deposited 0-1 cm sediment section.
Resting stages
Resting eggs of both Cladocera and rotifers were detected at 20-21 cm of the sediment core (corresponding to ca. 600 years ago; Fig. 3, panels 3 and 4) , indicating a preservation date in the sediment of ca. 1400 AD. Accumulation of rotifer resting eggs began to increase (up to 7.6 r 10 3 eggs.m x2 .year x1 ) in the 4-5 cm section (72¡ 7 years BP), during the phase of intense copper pollution, when ammonium concentration was still low and water pH close to neutrality (Fig. 3, panels 1 and 2) . Rotifer resting egg deposition increased substantially, with values from 42.5 r 10 3 to 74.7 r 10 3 eggs.m x2 .year x1 , in sections collected between 3-4 and 1-2 cm, over the period from ca. 1952 to 1992, during which lake acidification occurred and before the lake was limed (1989) (1990) ; Fig. 1 , panels 1-3).
A total of 12 different morphotypes of rotifer resting eggs were recovered from the sediment core. MT6 eggs were numerically dominant, accounting for between 60 and 90% of accumulated rotifer resting eggs in the 1-3 cm sections. Most such resting eggs were empty (> 80%), as open cases were typically observed. While total accumulation of eggs increased during the pollution phase, only five other resting egg taxa were recovered (i.e., MT1, MT2, MT4, MT5 and MT10; Appendix 1 available online), usually at much lower abundances (Fig. 3, panel 3) . Correlation between the number of resting eggs' morphotypes and copper concentration in sediment sections resulted significant (P < 0.05; Spearman r = 0.74; n = 8; Levene test for normality = N.S.).
Egg diversity decreased sharply during the pollution phase, with the minimum in the 2-3 cm section (H= 0.60). It increased sharply in the top 2 cm sections of the core, during the lake's recovery phase, reaching a maximum in the surficial layer, higher even than during the prepollution phase (H= 2.34 versus 1.95, respectively). Evenness, however, remained lower than that calculated from the pre-pollution phase (0.74 versus 0.95, respectively).
A comparison of rotifer resting egg composition before, during and after the pollution phase reveals that six morphotypes appeared only during the recovery (i.e., MT1, MT2, MT3, MT9, MT10 and MT11; Appendix 1). The post-pollution period resulted significantly different from pre-and during pollution phases (Scheffe´test: P= 0.0009 and P = 0.0015, respectively).
Cladocera ephippia began to accumulate in the sediment cores later than rotifer resting eggs (by ca. 30 years ago), reaching levels of 8.5 r 10 3 and 11 r 10 3 ephippia.m
x2
.year x1 at sections 0-1 and 1-2 cm, respectively (Fig. 3, panel 4) . Most recovered cladoceran resting eggs were from Daphnia ephippia, although Ceriodaphnia, Bosmina and Eubosmina were also found at lower levels of abundance (Fig. 3, panel 4) . Daphnia ephippia of the recovery phase were morphologically different from the few detected before and during pollution. They included empty, 1-egg and 2-egg types (Fig. 3, panel 4) . While empty ephippia prevailed in the youngest sediment section, and 50% of their total was of 1-egg, in the 1-2 cm section the proportion of empty ephippia was the same as that of 2-egg ones. Overall, the number of Daphnia ephippial eggs deposited in the 0-1 and 1-2 cm core sections was fairly constant, at 7r 10 3 eggs.cm x2 .year x1 . Ephippial and rotifer resting eggs were recovered from ORTA07/1A sediment core sections dating back to the 1400s (Fig. 3, panels 3 and 4) , produced by Ceriodaphnia sp. and MT6. The oldest viable egg tested (i.e., from the upper 6 cm section of the core; cf. Materials and methods section) was of B. calyciflorus, and was deposited about 98 ¡ 11 years ago. The oldest viable ephippial egg recorded were produced by Bosmina longirostris and Daphnia sp. and deposited about 18¡ 3 years ago. Viable Polyarthra dolichoptera eggs were younger still, dating back to between 2007 and 1999 (i.e., they were j 11 years old).
While Cladocera egg bank was almost entirely depleted during pollution (Fig. 3, panel 5 ; Manca and Comoli, 1995) , Rotifera were seemingly able to persist through the production of resting eggs (Brett, 1989; Havas et al., 1995) . The increased accumulation was accompanied by a decrease in diversity and morphotype richness, thus suggesting strong selection for copper tolerance.
Hatching success was higher for ephippial eggs from 1 to 2 cm than for those from the topmost section of the core (37 versus 5%, respectively). In the topmost section only those from 2-egg ephippia were still viable; those of the 1-2 cm section were more viable when from 1-egg ephippia (Table 3) . Hatching success was variable in surficial sediments. For example, up to 75% of B. longirostris from the 1-2 cm section were viable, whereas only 25% of Ceriodaphnia sp. ephippial eggs from the 0-1 cm were likewise viable.
Rotifer resting eggs were found in nine sections of the core (Fig. 3, panel 3) . Those of MT6 from sections 5-6 cm (corresponding to ca. 100 years BP) and 1-2 and 0-1 cm sections were still viable. In all cases, hatched individuals could be identified as B. calyciflorus (Table 3 ). Up to 100% of B. calyciflorus resting eggs from sections 0-1 and 5-6 cm sections were viable, though this value was reduced to only 5% for eggs from 1 to 2 cm section of the core. P. dolichoptera resting eggs recovered from the surface layer were also able to hatch, though success was relatively low (11%). 
Genetic analyses
All 28 resting eggs from 1-2 to 4-5 cm layers gave clear and unambiguous reading for COI sequences; all COI sequences were identical and belonged to the same strain of B. calyciflorus. Sequences were deposited in GenBank with accession numbers from HQ331143 to HQ331170. DNA amplification was unsuccessful for the only egg from 5 to 6 cm layer.
Discussion
Core chronology
The sedimentation rate of core ORTA 07/1A (0.041 cm.year x1 ) was low, but consistent with that observed for other undisturbed, mountain lakes (Rose et al., 2011) . Because of this, we were unable to resolve fine-scale temporal variation in this study. However, sedimentation was sufficient to allow reconstruction of changes in resting egg accumulation during Lake Orta's recent history of profound environmental disturbance, from the prepollution phase, through the period of intense copper, ammonium sulfate and lake acidification phase, to the recent recovery phase.
Copper pollution
Copper concentration was still high (y 1.3 mg.g x1 d.w.) in the 0-1 cm sediment section, suggesting that this metal might still being discharged into the lake. According to contemporary data on the water column, however, copper seems detectable at a very low concentration level (i.e., < 3 mg.L x1 , value at the winter water mixing) as the lake is no more acidic. This apparent contrast may be explained by taking into account that copper and eventually other heavy metals accidentally released into the lake (Calderoni and Tartari, 2001) , might promptly be captured by mineral particles and transported thereafter into lake sediments. This hypothesis is supported by the lake's unusually low total phosphorus concentration (< 5 mg.L x1 , during winter mixing) and its highly unusual phytoplankton composition and size relative to other deep subalpine lakes in the area (Morabito, 2001 ).
Resting stages
Accumulation of rotifer resting eggs increased much earlier than Cladocera ephippial eggs during the copper pollution phase; indeed, rotifer eggs were one order of magnitude higher in the 5-6 cm section than during the more recent pre-pollution section (10-11 cm; Fig. 3) , dating back to the late 1600s. The latter is remarkable, and we cannot exclude, given the low time resolution of the core, an effect of age on preservation of resting eggs.
Shannon-Weaver's (H) diversity along the core was quite comparable to that based on subfossil remains of planktonic Cladocera (H'; Fig. 3, panel 5) . Nevertheless, in the uppermost section of the core, diversity was maximum and slightly higher that measured at the base of the core, the lower evenness (0.74 versus 0.95, data not shown) suggests that re-colonization of biota is still taking place. During the copper pollution phase, and particularly in the 2-4 cm sections of the sediment core, we found all taxa of rotifer resting eggs, although overall diversity was very low to the minimum observed (H from 0.30 to 0.19).
The appearance of non-indigenous Daphnia obtusa in 1986 (Fig. 3, panel 5 ; Manca and Comoli, 1995, modified) was tracked very well in ephippial and subfossil remains in the sediment (i.e., at 3-4 cm section of ORTA 07/1A and at 5-6 cm of ORTA/94; cf. Fig. 3 , panels 4 and 5). The sharp increase in planktonic Cladocera (Fig. 3, panel 5 ) coincides with the increase in rotifer accumulation rate in ca. 1970 and in type diversity.
The appearance of new morphotypes (i.e., MT2, MT3, MT9, MT10, MT11 and MT12) during the lake pollution is consistent with results previously obtained for Cladocera, which showed that the first species to colonize Lake Orta after its chemical recovery was non-indigenous (e.g., D. obtusa). In the case of rotifers, however, some resting egg morphotypes were found in both the pre-and post-phases of industrial pollution (namely, MT1, MT4, MT5, MT6, MT7 and MT8; Fig. 3, panel 4) . Rotifera diversity calculated from living communities during 1989 and 2001 corresponds with increasing resting egg diversity in the top two sections of Orta sediments, which include the same years (0-2 cm, i.e., during the last ca. 20 years; Fig. 3, panel 3) . Shannon-Weaver's (H) diversity recorded in the sediment sections are approximately twice those obtained from live communities resident in the water column. This pattern might result from the presence in the former of non-planktonic taxa and the fact that the method used for sampling rotifers in the water column may underestimate species diversity (Steinberg et al., 2009; Chick et al., 2010) . In addition, intra-species variation in egg morphology can be pronounced in some taxa (e.g., Synchaeta; Gilbert, 1995) .
Rotifer and cladoceran resting eggs were first detected in the sediment core at 20-21 cm depth (i.e., ca. 1390 AD). Cladocera are classified as subfossil remains and -Int. J. Lim. 48 (2012) 151-160 their degree of preservation depends on local sediment conditions (Frey, 1986 ), but we do not know whether older rotifer resting eggs were destroyed or not produced before that age. The concomitant appearance of Cladocera ephippia and rotifer resting eggs might be related to a shift in reproductive strategy or to the appearance of taxa clones capable of producing resting stages. The accumulation of rotifer resting eggs began to increase and reached a maximum level earlier than that observed for ephippia and concomitant with the onset of copper discharge into the lake (in the middle 30 s, i.e., at 4-5 cm section), which might be interpreted as a faster response of Rotifera to pollution. During pollution, Cladocera were almost completely depleted from Lake Orta (Manca and Comoli, 1995) and increase in ephippial eggs traces re-colonization after lake chemical recovery.
On the other hand, hatched rotifer eggs (empty cases) suggest a persistence during copper pollution.
The accumulation of ephippial and rotifer resting eggs in core ORTA07/1A was within the range (from 10 3 to 10 6 eggs.m x2 ) commonly reported in both freshwater and marine sediments (Hairston, 1996) , and quite comparable to those of oligotrophic sites. Higher egg densities, up to 4r 10 7 m x2 , have been detected in rotifer egg banks of eutrophic lakes (Nipkow, 1961; Duggan et al., 2002) .
The oldest viable eggs of Rotifera of B. calyciflorus, were of a remarkable age, ca. 100 years old (pre-pollution phase), so far reported only for Brachionus plicatilis O.F. Mu¨ller (Fu, 1991) .
The viability of eggs deposited after the onset of copper pollution, and which were buried in high-copper concentration sediment layers (Cu= 1.3 and 2.6 mg.g x1 d.w. in sections 0-1 and 1-2 cm, respectively, Fig. 3, panel 2) , suggests that hatching was not inhibited, unlike what was observed for parthenogenetic eggs of B. calyciflorus (Gama-Flores and Castellanos-Paez, 2007) . These eggs were also unaffected by exposure to Cu 2+ in the water column (when the lake was acid) at the time they were produced, indicating that physiological adaptation may provide important protection to adverse conditions for Lake Orta's rotifers, as observed for contemporary Daphnia (Ponti et al., 2010) .
Ephippial eggs were viable only if they were produced comparatively in recent times (i.e., < ca. 20 years). This value is typical for Cladocera ephippia, with a maximum age of 125 years being regarded as exceptional (Ca´ceres, 1998) . These eggs, too, were able to hatch after exposure to high levels of copper in Lake Orta's sediments, levels far higher than those reported to inhibit hatching of Daphnia ephippial eggs (i.e., 1.3 and 2.6 mg.g x1 d.w., with respect to 0.7 mg.g x1 ; Kerfoot et al., 1999) . Furthermore, viability of Daphnia was not related to the presence of 1 or 2 eggs in the ephippium.
Genetic analyses
Previous research on Lake Orta indicated that not only was the D. obtusa colonist that followed lake recovery a non-indigenous species, but the genetic homogeneity of its population suggests it belonged to a single, re-colonizing clone (Bachiorri et al., 1991) , able to grow best in the peculiar environment of the early recovery phase of the lake. The species that colonized the lake later on, when pH had returned close to neutrality, also appeared to be better able to tolerate copper exposure than species living in nonpolluted environments (Ponti et al., 2010) .
DNA extraction was successful for all eggs deposited between sections 4-5 and 1-2 cm of core ORTA 07/1A, which correspond to a period between 1935 ¡ 7 and 1989¡3 year AD, i.e., during the pollution and the recovery phase, but not before the pollution onset. We expected to find peculiar strains and/or a strong selection for rotifers during the pollution phase or at least a change in strain during the recovery phase, as was the case for Daphnia. Surprisingly, however, the results of DNA analysis revealed that B. calyciflorus analyzed during the pollution and recovery phases belonged to a single mitochondrial strain. Thus, no new clones appear to have colonized the lake after pollution abatement occurred. The mitochondrial strain found in Lake Orta is a common and widespread one, already known from both North America and Asia (Gilbert and Walsh, 2005; Li et al., 2010) . The fact that only one strain was found is rather surprising, as the only other genetic analysis of B. calyciflorus at the population level revealed that usually more than six strains co-occur in a water body from China at any time (Li et al., 2010) . Lake Orta may thus be a peculiar lake, where only one of the strains of B. calyciflorus could and does thrive.
Conclusions
This is a first attempt to reconstruct changes in rotifer diversity on a centennial timescale using resting eggs from a sediment core for a comparison with Cladocera ephippia.
Rotifera resting eggs and ephippia appeared in the sediment ca. 4 centuries ago. We cannot infer, however, whether they might also have been present (but not preserved) from earlier periods. Resting eggs of rotifers started to increase in numbers during intense copper pollution in the lake, earlier than ephippia, which increased only during the recovery. Similar to what previously reconstructed from Cladocera subfossil remains, rotifer resting egg diversity decreased during pollution because of the dominance of few types. The appearance and increase of empty egg cases of Brachionus sp. suggest attempts to start an active population in the water column during this phase. As expected, resting eggs diversity was higher than that based on contemporary plankton data, as a result of both intraspecific polymorphism and a possible contribution from non-planktonic taxa. The two estimates, however, were comparable in terms of changes with time.
Viability of B. calyciflorus resting eggs was high, fully comparable to that reported from laboratory experiments using contemporary parthenogenetic eggs. The presence of ca. 100-year-old eggs fully viable, suggested that they were unaffected by the toxic environment in which they were released and deposited. This result indicates a greater ability of resting eggs to tolerate exposure to high copper concentrations, in contrast to parthenogenetic eggs which, as reported in the literature, reduce hatching success when exposed to copper concentrations lower than those measured in Lake Orta's sediments. Unexpectedly, we found that B. calyciflorus present from pre-to post-pollution phase belonged to the most commonly distributed North American clone, suggesting a physiological adaptation to high levels of copper. Overall, Cladocera ephippia appeared less represented during lake historical changes.
